The mammalian olfactory system is well established for its remarkable capability of undergoing experience-dependent plasticity. Although this process involves changes at multiple stages throughout the central olfactory pathway, even the early stages of processing, such as the olfactory bulb and piriform cortex, can display a high degree of plasticity. As in other sensory systems, this plasticity can be controlled by centrifugal inputs from brain regions known to be involved in attention and learning processes. Specifically, both the bulb and cortex receive heavy inputs from cholinergic, noradrenergic, and serotonergic modulatory systems. These neuromodulators are shown to have profound effects on both odor processing and odor memory by acting on both inhibitory local interneurons and output neurons in both regions.
For most mammals, olfaction plays an important role in many aspects of life, such as mate attraction and recognition, motherinfant attachment, navigation, as well as detection of predators. Not surprisingly, mammals, especially rodents, have demonstrated an exceptional capability to quickly learn, remember, and discriminate odors. Past research has shown that the early stages of olfactory processing display a remarkable degree of plasticity and can play a significant role in olfactory learning. One striking feature of this system is the surprisingly large amount of centrifugal influence on odor processing in the early olfactory pathways. Both the olfactory bulb and piriform cortex receive input from multiple neuromodulatory regions releasing acetylcholine, norepinephrine, and serotonin. These neuromodulators are known to play a major role in learning-related events such as changes in arousal, attention to novel or salient stimuli, and emotional states such as stress or fear. Similar to other sensory systems, both physiological and behavioral experiments have shown that these neuromodulators can have profound effects on odor processing as well as olfactory learning and memory. Here, we focus on learning-induced plasticity in the early olfactory pathways and the role that centrifugal neuromodulation plays in facilitating this process.
Experience-induced olfactory plasticity
Experience-induced changes can be observed in all regions of the olfactory system, most work has focused on two main areas: the olfactory and piriform cortex. In these areas, experience-induced changes can be seen from the neuron population level down to molecular changes in individual cells. Globally, for example, associative conditioning can alter the levels of olfactory bulb excitatory and inhibitory neurotransmitters, as well as neuromodulators such as norepinephrine (Brennan et al. 1998) . Odor-induced beta and gamma frequency local field potential oscillations in the bulb are also significantly altered following learning, again reflecting changes in global excitation and inhibition (Freeman and Schneider 1982; Ravel et al. 2003; Martin et al. 2004; Beshel et al. 2007 ).
Even at the earliest stage of processing in the bulb, olfactory associative conditioning can enhance subsequent glomerular responses to experienced odorants as well as related odorants (Coopersmith and Leon 1984; Johnson et al. 1995; Yuan et al. 2002; Salcedo et al. 2005; Woo et al. 2007; Fletcher et al. 2009 ). Odor responses by output neurons, mitral/tufted cells, can be significantly altered with experience (Kay and Laurent 1999; Doucette and Restrepo 2008) . For example, following associative conditioning in rat pups, mitral cells display more suppression to the trained odorant (Wilson and Leon 1988b) . Similar results have also been observed following simple odor exposure in adults (Buonviso et al. 1998; Buonviso and Chaput 2000; Fletcher and Wilson 2003) .
Odor learning can alter inhibitory neuron activity as well. Several studies have shown changes in granule cell immediate early gene expression following both associative conditioning (Woo et al. 1996; Funk and Amir 2000) and odor enrichment (Montag-Sallaz and Buonviso 2002; Mandairon et al. 2008a ). Adult granule cell neurogenesis and survival can also be affected by experience, as olfactory enrichment has been shown to decrease granule cell death (Woo et al. 2006) and increase the number of newly formed granule cells (Rochefort et al. 2002) .
Olfactory experience can lead to physiological and anatomical changes in piriform cortex as well. For example, olfactory discrimination rule learning has been shown to enhance synaptic transmission of mitral cell input onto cortical pyramidal cells as well as association input from other pyramidal cells (Roman et al. 1987; Litaudon et al. 1997; Saar et al. 2002; Cohen et al. 2008) . Pyramidal cells also display reduced afterhyperpolarization following the same learning tasks, suggesting enhanced excitability (Saar et al. 2002) . Additionally, learning also leads to increased inhibition of pyramidal cell activity (Brosh and Barkai 2009 ). These physiological changes are accompanied by structural changes as well, with learning modifying the structure of pyramidal cell dendritic spines (Knafo et al. 2001 ).
Neural correlates of plasticity
Although learning-induced plasticity can occur throughout the olfactory system, there appear to be mechanisms in place to drive plasticity even at the first synapse. For example, in vitro work has shown the receptor neuron-to-mitral cell synapses within each glomerulus are capable of undergoing long-term potentiation (LTP) (Ennis et al. 1998) . Similar to LTP in other systems, the plasticity involves the activation of NMDA receptors located on mitral/tufted cell dendrites (Ennis et al. 1998) . In this case, mitral cells displayed prolonged, increased spiking following high frequency olfactory nerve stimulation. Alternatively, this same synapse has also been shown to display the opposite effect, long-term depression (LTD) (Mutoh et al. 2005) . Here, low frequency stimulation of the olfactory nerve resulted in a decrease in receptor neuron transmitter release onto mitral cells. This effect was found to be mediated by metabotropic glutamate receptors most likely located on the receptor neuron axon terminals (Mutoh et al. 2005) . Together these results show that even the first synapse into the bulb is capable of experience-induced plasticity and could serve as an initial site for odor memory formation.
Another potential mechanism of olfactory bulb plasticity involves altering the activity levels of inhibitory interneurons. Within the bulb, there are two populations of intrinsic neurons that provide inhibitory input onto output neurons. At the glomerular level, afferent input onto mitral cells is modulated by periglomerular cells. These cells can affect receptor neuron synaptic transmission by suppressing transmitter release from presynaptic terminals as well as provide inhibition onto neurons postsynaptic to receptor neuron input (Aroniadou-Anderjaska et al. 2000; Aungst et al. 2003; Murphy et al. 2005; Wachowiak et al. 2005; Vucinic et al. 2006) . Deeper in the bulb, another population of inhibitory neurons, granule cells, form reciprocal dendrodendritic synapses with the lateral dendrites of mitral cells (Shepherd et al. 2004 ). These synapses are important for controlling both feedback inhibition onto the same mitral cell and lateral inhibition of other mitral cells (Jahr and Nicoll 1982; Yokoi et al. 1995; Isaacson and Strowbridge 1998; Chen et al. 2000; Arevian et al. 2008) .
Pyramidal cells in the piriform cortex receive direct excitatory input from M/T cell axons from the bulb. In addition they also receive excitatory input from other cortical pyramidal cells via an extensive association fiber system (Haberly 2001) . Both of these synapses have been shown to be capable of long-term plasticity. For example, LTP can be induced in both afferent and association fiber synapses (Stripling et al. 1988; Jung et al. 1990; Kanter and Haberly 1990; Roman et al. 1993a) . As with olfactory bulb LTP, both pathways are dependent upon activation of NMDA receptors (Kanter and Haberly 1990) . Alternatively, LTD has also been demonstrated at the association fiber to pyramidal cell synapse and was found to be dependent upon metabotropic glutamate receptors (Young and Sun 2007) .
Interestingly, these circuits, both in the bulb and piriform cortex, are subject to heavy centrifugal input from fibers originating in several different neuromodulatory regions. In all cases, these fibers can directly influence both inhibitory and output cell activity and are poised to shape odor responses via topdown influence based on the state or attention level of the animal. Consequently, several studies have shown that centrifugal modulation plays a major role in many forms of olfactory learning.
Acetylcholine
Cholinergic modulation has been correlated with attention, learning, and memory in several systems (Bear and Singer 1986; Blokland 1995; Weinberger and Bakin 1998; Hasselmo 1999) . In the olfactory system, the cholinergic modulation has been implicated in several types of learning including habituation, social recognition, associative conditioning, delayed-match-to-sample, rule learning, and perceptual learning.
Role of ACh in olfactory learning
Several studies have demonstrated olfactory learning impairments when acetylcholine input is blocked or reduced (although, see Wirth et al. 2000) . For example, cholinergic release appears to be necessary for olfactory short-term memory, such as in the case of habituation to novel odorants. In this case, both cholinergic lesions and systemic muscarinic antagonists were found to block habituation to repeated odorant presentations (Hunter and Murray 1989; Paolini and McKenzie 1993; Miranda et al. 2009 ). Blocking cholinergic action in social habituation paradigms causes similar impairments as injections of muscarinic antagonists impair habituation to odors from conspecific juveniles or females (Perio et al. 1989; Winslow and Camacho 1995) . Together, these studies highlight the importance of muscarinic activation in olfactory memory acquisition. However, since the cholinergic manipulations were global, it is difficult to determine from these studies which olfactory structures were affected. However, a recent study reported that direct infusion of both nicotinic and muscarinic antagonists into the olfactory bulb had no effect on odor habituation suggesting that the site of ACh action may be in higher olfactory areas (Mandairon et al. 2006) .
In another test of short-term memory, systemic injections of the muscarinic antagonist scopolamine blocked odor memory in an olfactory delayed match to sample task (Ravel et al. 1992) . Additionally, direct infusion of scopolamine into the bulb gave similar results, suggesting that muscarinic activation of olfactory bulb circuits were necessary for memory formation (Ravel et al. 1994) . Similarly, rats with cholinergic lesions displayed deficits in learning odor-reward associations in a successive cue discrimination task, especially when the intertrial interval was increased (Roman et al. 1993b) .
Acetylcholine also plays an important role in learning odor associations as well. For example, scopolamine blocked ewe's learning of lamb odor, but had no effect on recognition if administered following learning (Levy et al. 1997) . A recent study using an odor-fear conditioning paradigm showed that blocking acetylcholine impaired the acquisition of an odor-shock association. In this case, injection of scopolamine prior to training caused animals to display less defensive responses to the conditioned odor following training (Kroon and Carobrez 2009) . Additionally, in an olfactory discrimination set learning task, muscarinic blockers impaired learning of the initial discrimination pair, with no affect on the learning of subsequent pairs, again highlighting ACh's role in acquisition (Saar et al. 2001) .
In a more complex task, acetylcholine was also found to be important for learning subsequent associations. Both scopolamine injected rats and HDB lesioned rats displayed impairments in learning when a component of an odor-association pair that signaled reward (A+,B2) in a previous discrimination task was presented in a new odor-association discrimination task with a different reward odor (A2,C+) (De Rosa and Hasselmo 2000; De Rosa et al. 2001) . In this case, ACh was proposed to work to reduce interference between previously learned odors with overlapping components.
Finally, acetylcholine has recently been shown to be an important modulator of olfactory perceptual learning. In perceptual learning, previous experience increases subsequent acuity or discrimination of the experienced stimulus. In this case, the representation of the previously experienced stimulus is thought to be enhanced in a way that reduces the overlap between it and similar stimuli. For example, following conditioning, rats are capable of discriminating two similar monomolecular odorants that were indiscriminable in naïve animals (Fletcher and Wilson 2002; . This effect could be blocked by the application of scopolamine during training (Fletcher and Wilson 2002) .
Overall, results from several different learning paradigms provide strong evidence that ACh is required for olfactory learning and memory. Interestingly, studies focusing on spontaneous discriminations that do not require the animal to learn any behavioral tasks have demonstrated that blocking cholinergic modulation can disrupt discrimination of novel, structurally similar odorants Mandairon et al. 2006) . Taken together, these studies suggest that anACh release into the olfactory system during learning situations may serve multiple purposes; initially enhancing the representation of the salient odor while at the same time causing long-term changes in the circuitry representing that odor.
ACh action in the olfactory bulb
The vast majority of cholinergic input into the olfactory bulb comes from the horizontal limb of the diagonal band of Broca (HDB) (Shute and Lewis 1967; Macrides et al. 1981; Luskin and Price 1982; Carson 1984; Woolf et al. 1984; Zaborszky et al. 1986; Wright and Fitzgerald 2001) . In rodents, HDB fibers are found throughout the different layers of the olfactory bulb, with the heaviest projections to the glomerular layer and internal plexifom layer (Ichikawa and Hirata 1986; Kasa et al. 1995; Gomez et al. 2005) . In these regions, cholinergic fibers synapse onto interneurons, primarily periglomerular cells and granule cells (Nickell and Shipley 1988a; Le Jeune and Jourdan 1993; Kasa et al. 1995) . The HDB also receives olfactory input and its activity can be modulated by both olfactory bulb and piriform cortex stimulation (Broadwell 1975; Linster and Hasselmo 2000) .
Numerous studies have demonstrated a variety of effects of acetylcholine on olfactory bulb neuronal responses. At the glomerular level, acetylcholine appears to mainly affect periglomerular cell activity. For example, a recent study found that activation of muscarinic receptors could inhibit activity in dopaminergic periglomerular (PG) cells (Pignatelli and Belluzzi 2008) that provide presynaptic inhibition back onto olfactory receptor neuron (ORN) terminals . In this case, cholinergic activation is thought to release olfactory receptor neuron terminals from feedback inhibition, leading to increased excitatory input into activated glomeruli. However, nicotinic receptor activation in the same region has been shown to have the opposite effect, causing excitation in some PG cells; leading to an increase in inhibition of ORN driven excitation (Castillo et al. 1999) . Similar results have also been observed in vivo with the application of acetylcholine causing both excitation and inhibition in glomerular layer neurons (Ravel et al. 1990 ).
Similar to the glomerular layer, the effects of cholinergic modulation are complex and seem to involve multiple cell types. For example, initial studies in rabbits found that while direct application of ACh increased the spontaneous activity in a small percentage of olfactory bulb neurons, the majority displayed suppressed spontaneous activity . Although the cell types were not identified, it is presumed that the suppressed cells were mitral cells, as a more recent study reported similar decreases in the spontaneous discharge of identified mitral cells following HDB stimulation (Nickell and Shipley 1988b) . Based on HDB-evoked olfactory bulb field potential responses, it was concluded that this depression of mitral cell activity was a result of ACh's action on bulbar interneurons (Nickell and Shipley 1988b) . In line with this, in vitro studies focusing on granule activity have shown that application of ACh agonists at relatively low concentrations can increase granule cell excitability and increase GABA release from granule-mitral cell dendrodendritic synapses through the activation of muscarinic receptors located on granule cells (Ghatpande et al. 2006; ).
However, another study using higher concentrations of the same muscarinic agonist, carbachol, reported seemingly opposite effects. In this case, the application of carbachol lead to a decrease in granule cell spontaneous firing rates suggesting that ACh could also act to reduce granule cell-mediated feedback and lateral inhibition (Castillo et al. 1999) . Two additional in vivo studies have also reported similar effects with both HDB stimulation and application of cholinergic agonists leading to reduced granule cell inhibition of mitral cell activity (Elaagouby et al. 1991; Kunze et al. 1991) .
The different effects observed by the different studies may be evidence of a much more complex circuit in which ACh also activates other granule cell layer interneurons, such as excitatory interneurons or GABAergic Blanes cells (Nickell and Shipley 1988b; . However, while not fully reconciled, the conflicting reports of cholinergic action in the olfactory bulb all point to the fact that acetylcholine can directly affect granule and periglomerular excitability, which ultimately leads to changes in mitral cell output responses.
Based on this, modeling studies have shown that the cholinergic modulation could serve to increase lateral inhibition and reduce the overlap between bulbar odor representations, especially those evoked by similar odorants (Linster and Cleland 2002) . More support for this comes from a recent study showing that mitral cell odor receptive fields can be sharpened by enhanced levels of bulbar acetylcholine (Chaudhury et al. 2009 ). Presumably this contrast enhancement during learning gives rise to long-term changes within the bulb circuit representing the learned odor and leads to the greater discriminability of that odor during subsequent exposures.
ACh action in the piriform cortex
Cholinergic fibers arising in the HDB also project into the pirform cortex, with the densest projection being to layers II and III (Luskin and Price 1982; Woolf et al. 1984; Lysakowski et al. 1989 ). Similar to the olfactory bulb, the effects of acetylcholine on piriform cortex activity are complex and mediated by different cell types. For example, acetylcholine has been shown to depolarize pyramidal cells as well as interneurons (Tseng and Haberly 1989; Barkai and Hasselmo 1994) . Stimulation of the HDB also leads to increased pyramidal cell spontaneous activity, suppression of association fiber input onto pyramidal cells, and enhanced LOT fiber transmission (Hasselmo and Bower 1992; Linster et al. 1999; Zimmer et al. 1999) . Muscarinic activation also leads to a reduction in pyramidal cell firing adaptation and after hyperpolarization (Constanti and Sim 1987; Barkai and Hasselmo 1994; Saar et al. 2001) . Acetylcholine can also enable LTP of association fiber synapses (Hasselmo and Barkai 1995; Patil et al. 1998) .
These studies show that acetylcholine release during learning or attention leads to both short-and long-term modification in the strength of association fiber input onto pyramidal cells in the piriform cortex. According to modeling studies, the initial suppression of the association fiber input during learning and the subsequent enhancement of this input serve to sharpen the representation of the learned odorant and reduce the overlap of similar odor representations (Hasselmo and Barkai 1995; . Both physiological and behavioral evidence exists to support this idea. For example, scopolamine increases the generalization of odor responses in anterior piriform cortex neurons (Wilson 2001) . Behaviorally, manipulation of acetylcholine can alter odor discrimination as well. Lesions of the HDB caused rats to generalize their responses to other odors similar to the trained odor in an odor-reward task Linster and Cleland 2002) . Alternatively, application of cholinergic agonists or acetylcholinesterase inhibitors has been shown to (Doty et al. 1999; Mandairon et al. 2006 ).
Norepinephrine
The noradrenergic system is known to play an important role in arousal, attention and emotional state (Wilson and Sullivan 1994; Berridge and Waterhouse 2003; Sara 2009 ). Increased locus coeruleus activity and norepinephrine release have also been correlated with processing of novel stimuli, learned fear, as well as social events such as mating and mother -infant interactions (Levy et al. 1990; Aston-Jones et al. 1991; Sara et al. 1994; Wilson and Sullivan 1994; Keverne and Brennan 1996; Ishida et al. 2002) . In the main olfactory system, the noradrenergic system has been implicated in several types of learning, including infant attachment, nonassociative and associative conditioning, and habituation.
Role of NE in mother -infant attachment
NE release into the olfactory bulb has been shown to be important for olfactory associative learning during sensitive periods (Kendrick et al. 1992; Rangel and Leon 1995) . Blocking the action of NE in the bulb via infusion of the b antagonist propranolol blocks the acquisition of lamb odor in post-parturient ewes (Levy et al. 1990) . Similarly in rat pups, both LC lesions and infusion of propranolol into the olfactory bulb block the acquisition of an odor preference (Sullivan et al. 1989; . Furthermore, additional studies have demonstrated that pairing injection or bulb infusion of a or b agonists with odor presentation alone is sufficient to induce an odor preference in pups (Sullivan et al. 2000; Harley et al. 2006) . Together these results provide strong evidence that action of NE alone in the bulb can serve as the unconditioned stimulus in pup olfactory associative conditioning.
For pup learning, the site of NE action in the bulb is thought to be both mitral cells and granule cells as both express b adrenoreceptors (Yuan et al. 2003a ). The mechanism behind the b receptor-mediated learning involves changes in mitral cell activity as evidenced by increased responses to olfactory nerve input (Yuan et al. 2000) , as well as increased levels of cAMP in mitral cells (Yuan et al. 2003b) . Additionally, NE acting on b receptors can disinhibit mitral cells via suppression of granule cell activity (Wilson and Leon 1988a; Wilson and Sullivan 1992) . Thus, the release of NE during odor learning plays a major role in the acquisition of an odor preference in rat pups and serves to induce longterm changes in the MC-GC circuit encoding the learned odor.
Role of NE in adult learning
Compared to neonates, less is known about the function of NE release in the adult olfactory system. However, several studies have demonstrated that it may serve similar purposes in adult learning. For example, both repeated, novel odorant exposure and associative conditioning lead to increased NE in the olfactory bulb (Brennan et al. 1998; Veyrac et al. 2009 ). Similar to neonates, increased NE paired with an odor is sufficient to induce an odor memory, even when the pairing is done in anesthetized animals (Shea et al. 2008 ). The major difference being that this paradigm in adults lead to the animal treating the paired odor only as if it was a familiar odor, while LC stimulation paired with an odor in young pups induces a strong odor preference (Sullivan et al. 2000) . This difference in response to the learned odor between neonates and adults is thought to be a result of developmental differences in LC noradrenergic output (Moriceau and Sullivan 2004) .
In addition to a role in memory acquisition, NE also affects odor detection and discrimination. For example, bulbar infusions of a combination of a and b adrenoreceptor antagonists impaired the ability of mice to discriminate perceptually similar odorants, while having no effect on the initial learning of the go/no-go task (Doucette et al. 2007 ). Interestingly, this required blocking both a and b receptors, as blocking either receptor type alone had no effect (Doucette et al. 2007) . Similarly, infusions of a and b antagonists together have been shown to slow acquisition of a reward-motivated odor discrimination task (Mandairon et al. 2008b) . Finally, blocking a receptors in the bulb have been shown to impair spontaneous discrimination and detection in a task that does not require any training (Escanilla et al. 2010) . Together, these studies show that NE action in the adult bulb may serve to increase acuity for odors during learning situations by enhancing both odor detection and discrimination.
In situations requiring short-term memory, such as habituation to repeated odorant presentations, the role of NE is less clear with different studies reporting seemingly conflicting results. For example, recent studies using rats found that infusion of either a or b receptor antagonists had no effect on habituation to repeated odorant presentations (Mandairon et al. 2008b; Escanilla et al. 2010) . However, rats with pharmacological lesions of the LC were not able to habituate to repeated odorant presentations. In these animals, normal habituation could be restored if NE was infused into the olfactory bulb (Guerin et al. 2008) . The differences in these two studies are possibly due to the differences in techniques used to inhibit NE activity (neurotoxins vs. antagonists) and further study is required to fully elucidate NE's role in odor habituation.
While the function of NE in facilitating habituation is still unclear, recent work has shown that NE release is important in reversing or blocking olfactory habituation (Smith et al. 2009 ). In this case, NE released following a novel or unexpected stimulus can lead to dishabituation via b receptor-mediated blocking of synaptic depression of input onto piriform cortex (Best and Wilson 2004) .
NE action in the olfactory bulb
The olfactory bulb receives heavy noradrenergic input from the locus coeruleus (Macrides et al. 1981; Shipley et al. 1985) . Unlike cholinergic projections from the HDB, there is only a relatively weak projection into the glomerular layer. By contrast, the densest NE projection is in the IPL and GCL (McLean et al. 1989; Gomez et al. 2005) . Given the laminar specificity, it has been hypothesized that noradrenergic fibers synapse primarily onto GCs (McLean et al. 1989) . While the input is not evenly distributed, both a and b receptors are expressed in all layers of the bulb (Pieribone et al. 1994; Woo and Leon 1995) . Similar to acetylcholine, several studies have reported a variety of neuronal effects with the bulb in response to noradrenergic stimulation. For example, early in vivo studies using rabbits demonstrated a suppression of mitral spontaneous activity when NE agonists were applied near the cell Salmoiraghi et al. 1964; McLennan 1971) . It was concluded that the main effect of NE was to enhance granule cell inhibition onto mitral cells. However, these studies only focused on spontaneous activity and did not look at odor responses.
A more recent study also found similar reductions in mitral cell spontaneous activity when the LC was stimulated (Jiang et al. 1996) . However, these same cells showed increased firing rates to perithreshold sensory neuron stimulation following LC stimulation, suggesting that NE can enhance mitral cell responses to weak input ( Jiang et al. 1996) . Subsequent in vitro work has shown that the effect is likely mediated via direct excitation of mitral cells via a1 receptors (Ciombor et al. 1999; Hayar et al. 2001) . Results obtained from dissociated olfactory bulb cultures have also shown that NE acting through a receptors can also Centrifugal involvement in olfactory learning www.learnmem.org enhance mitral cell excitability indirectly. In this case, NE presynaptically inhibited mitral cell-mediated granule cell excitation via a2 receptors, leading to mitral cell disinhibition (Trombley and Shepherd 1992) .
In addition to its effects on mitral cells, NE can also directly affect granule cell excitability as well. For example, a1 receptor activation has been shown to increase granule cell excitability as well as increase GABA release from granule cells back onto mitral cells resulting in increased feedback inhibition (Mouly et al. 1995; Araneda and Firestein 2006; Nai et al. 2010) .
Together these studies provide a seemingly contradictory picture of NE action in the bulb, whereby noradrenergic activation can simultaneously alter the excitability of both mitral and granule cells. However, recent, detailed in vitro studies has shown that the differing effects observed are a consequence of both the NE concentration and the receptor subtype involved (Nai et al. 2009 (Nai et al. , 2010 . For example, at low concentrations, NE primarily affects a2 receptors and serves to reduce granule cell inhibition onto mitral cells (Nai et al. 2009 (Nai et al. , 2010 Pandipati et al. 2010) . Alternatively, at higher concentrations NE activates a1 receptors and increases the granule cell inhibitory drive onto mitral cells leading to increased mitral cell inhibition (Nai et al. 2009 (Nai et al. , 2010 .
In addition to immediate effects on mitral cell inhibition, NE activation can also have longer-lasting effects as well. Olfactory nerve stimulation in vitro in the presence of NE agonists can cause long-lasting depolarization in mitral cells and enhance evoked gamma frequency oscillations in vitro (Gire and Schoppa 2008; Pandipati et al. 2010) . Pairing odor presentations with LC stimulation in vivo caused long-lasting suppression of mitral cell odor responses to the paired odor with the effect blocked by application of a combination of a and b receptor antagonists (Shea et al. 2008) .
Overall, the main effect of NE in the bulb appears to be on the mitral-granule dendrodendritic interactions. Depending on the state of the animal, the intensity of NE, and the location of its action within the bulb, NE can play an important role in not only odor detection, but long-term changes in circuit that results in odor learning. Thus, in situations where the animal encounters a novel or potentially important stimulus, the release of NE in the bulb during odor stimulation may serve multiple purposes. First, weak sensory input could be enhanced through potentiation of mitral cell responses leading to increased odor detection and discrimination of relevant odors. Second, NE input could also work to alter the excitatory/inhibitory balance of mitral cell -granule cell feedback loops, possibly leading to LTP-like mechanisms at mitral cell-granule cell reciprocal synapse Brennan and Keverne 1997) . This would serve to facilitate GC inhibition onto MCs responding to the learned odorant after learning. This is consistent with both the decreased responses to the learned odorant observed in neonates (Wilson and Leon 1988a,b; Sullivan et al. 1992 ) and increased levels of GABA following learning (Kendrick et al. 1992; Brennan et al. 1995) .
NE action in the piriform cortex
As with the olfactory bulb, noradrenergic fibers from the LC also project to the piriform cortex (Fallon and Moore 1978; Loughlin et al. 1982; Datiche and Cattarelli 1996; Shipley and Ennis 1996) . Within the PC, NE fibers appear to have an uneven laminar distribution, with denser labeling in layers I and III . In vitro electrophysiological studies have also highlighted NE effects on the cells of this region. For example, application of NE was found to increase the firing rate of a subpopulation of serotonin sensitive layer II/III interneurons, as well as increase GABAergic inhibitory potentials in many layer II pyramidal cells (Gellman and Aghajanian 1993; Marek and Aghajanian 1996) .
As with the bulb the effects of NE appear to be concentrationdependent, with lower NE concentrations enhancing cortical responses to mitral cell input and suppressing cortical responses at higher concentrations. For example, at low concentrations NE enhanced mitral cell excitatory transmission onto cortical pyramidal cells either through increased transmitter release or increased pyramidal cell excitability. While at higher concentrations, excitatory release is depressed (Collins et al. 1984) . Similarly, electrical stimulation of the LC in vivo leads to enhanced odor responses in PC neurons (Bouret and Sara 2002) .
In addition to enhancing responses to afferent input, NE also appears to affect excitatory association fiber input onto pyramidal cells. In this case, NE application was found to decrease excitatory transmission between pyramidal cells, while having little effect on afferent LOT input (Hasselmo et al. 1997) . Computational modeling of this effect has demonstrated that suppressing excitatory transmission between pyramidal cells can serve to increase the signal-to-noise ratio of afferent odor input (Hasselmo et al. 1997) .
Thus, the function of NE input into the PC appears to be similar to that of ACh. Both may work together during learning to increase the strength of afferent input relative to intrinsic fiber input, which could help facilitate the learning of new odor representations within the cortex without interference from previously stored representations (Hasselmo 1995; .
Serotonin
The serotonergic system has been implicated in modulating a variety of behaviors including stress and anxiety, sleep-wake cycles, as well as learning and memory (Lowry et al. 2005; King et al. 2008; Monti and Jantos 2008) . In the olfactory system, serotonergic activation plays an important role in associative conditioning and short-term memory.
Role of 5HT in neonatal learning
In neonatal rats, serotonergic release into the olfactory bulb has been shown to be important for odor preference learning. For example, depletion of serotonergic input into the bulb or direct injection of a 5HT2 (seratonin) receptor antagonist into the olfactory bulb can block the acquisition of an odor preference (McLean et al. 1993 (McLean et al. , 1996 . Although important for learning, serotonin alone may not be enough to induce memory formation as 5HT depleted pups can still form an odor preference if the noradrenergic system is pharmacologically activated (Langdon et al. 1997) . Recent work suggests that the role of 5HT in neonatal learning may be to facilitate the role of NE in increasing mitral cell camp, which can lead to long-term changes in MC responses (Yuan et al. 2003b ).
Role of 5HT in adult learning
In contrast to neonates, the role of 5HT in adult olfactory learning has received much less attention. A single study in which 5HT fiber input into the olfactory bulb was reduced reported impairments in adult rats' abilities to discriminate previously learned odorants (Moriizumi et al. 1994) . While this study suggests that 5HT in the bulb is important for odor discrimination, its effect on adult olfactory learning is far from understood.
Some evidence does exist supporting the necessity of 5HT in olfactory learning, however, although the focus was only on the role of 5HT4 receptors. In this case, systemic injections of 5HT4 antagonists have been shown to impair learning of an olfactory go/no-go task, while injections of 5HT4 agonists enhanced (Marchetti et al. 2000) . Similarly, systemic application of 5HT4 agonists has also been shown to enhance olfactory short-term memory in a social recognition task (Letty et al. 1997) . Importantly, these studies manipulated 5HT4 receptor activation globally, and thus the site of 5HT action in these cases is not known. Behavioral studies involving manipulation of different 5HT receptor subtypes, specifically in the bulb and cortex, are needed before a clearer picture of the role of 5HT in adult learning is available.
5HT action in the olfactory bulb
The olfactory bulb receives serotonergic input from the dorsal and median raphe nuclei (de Olmos et al. 1978; Macrides et al. 1981; Shipley and Adamek 1984; McLean and Shipley 1987) . While raphe fibers can be found in all layers of the bulb, the heaviest projection is to glomerular layer (GL) where they synapse on periglomerular cells (Halasz et al. 1978; McLean and Shipley 1987) . In addition to containing the highest density of 5HT fibers, the glomerular layer also contains primarily larger fibers with more varicosities suggesting that the GL may be the primary site for 5HT modulation (McLean and Shipley 1987; Gomez et al. 2005) . Interestingly, the fiber projections within the GL also appear to be heterogeneous, with dorsal glomeruli receiving heavier innervations than glomeruli located more laterally (Gomez et al. 2005) .
Despite the heavy input into the bulb, there have been relatively few studies on the effects of serotonin on olfactory bulb neurons. An early study in rabbits found that iontophorectic application of 5HT into the bulb reduced the spontaneous discharge of mitral cells ). However, a more recent in vitro study has demonstrated mixed effects. In this case, 5HT was found to directly depolarize some mitral cells via 5-HT2A receptors, while hyperpolarizing others via GABA-mediated inhibition (Hardy et al. 2005) . The same study also found that 5HT excited some juxtaglomerular (JG) cells as well. Finally, a recent in vivo imaging study has shown that LC stimulation, as well as bulbar application of serotonin, can excite a subset of GABAergic periglomerular cells that provide presynaptic feedback inhibition onto olfactory receptor axons (Petzold et al. 2009 ). In this case, serotonergic activation served to reduce the gain of sensory input into the olfactory bulb.
As with other centrifugal modulators, 5HT appears to affect mitral cell output both directly and indirectly through the activation of inhibitory interneurons. In this case, 5HT could alter mitral cell odor responses by reducing the strength of afferent input onto mitral cell via glomerular level feedback inhibition, reducing output via granule cell-mediated inhibition, or by direct depolarization. Presumably, as with NE, the specific effect of 5HT is dependent on the concentration and cell type involved.
5HT action in the piriform cortex
In addition to the olfactory bulb, the raphe nuclei also project heavily to the piriform cortex (De Olmos and Heimer 1980; Datiche et al. 1995) . The fiber distribution appears heavier in the anterior portion of the PC as compared with the posterior. As with NE, there also appears to be some laminar specificity as 5HT fibers are the densest in layers I and III (Datiche et al. 1995) . Both 5HT1 and 5HT2 receptors are present in the PC and are mainly distributed in the deeper layers (Pompeiano et al. 1992 (Pompeiano et al. , 1994 .
As with the bulb, the effects of 5HT can be both excitatory and inhibitory depending on the receptor activated and cell type involved. For example, 5HT can directly excite pyramidal cells via 5HT1c receptors (Sheldon and Aghajanian 1991) . Additionally, 5HT can increase the firing rate of a subpopulation of layer II/III inhibitory interneurons causing increased IPSPs in nearby pyramidal cells (Sheldon and Aghajanian 1990; Gellman and Aghajanian 1993) . While the role that serotonergic modulation plays in olfactory learning within the PC is not known, given its overlap in input and similar physiological effects as NE, it is possible that 5HT might serve a similar role in enhancing the signal-to-noise ratio of odor input.
Conclusions
The early olfactory centers receive heavy innervation from three major neuromodulatory regions in the mammalian brain. While some differences occur in their input patterns into the bulb and piriform cortex, they share common neuronal targets in both regions. In all three cases, the main effect of these modulators appears to be to alter the balance of excitation/inhibition within the circuit and to shape odor responses via top-down influence based on the state or attention level of the animal.
Despite the conflicting reports, a picture is emerging where neuromodulators released into the bulb can both directly and indirectly mediate mitral cell responses. By controlling inhibitory neuron excitability in the bulb, these neuromodulators can serve to place the bulb in a learning state by increasing signal-to-noise ratios, enhancing contrast of similar odor representations, and inducing long-term changes in mitral cell responses through intracellular signaling cascades known to be important in memory storage.
At the same time, the same neuromodulators also affect the piriform cortex by increasing pyramidal cell excitability and response to afferent input while exciting deeper inhibitory interneurons. These actions are thought to place the cortex into a learning state where the strength of afferent mitral cell input is enhanced, while intrinsic fiber input onto pyramidal cells is suppressed (Hasselmo 1995) . Together the combination of enhanced mitral cell response and cortical sensitivity to this input allows for long-term changes in both regions that form the basis of olfactory memory.
